Abstract-We developed composite electromagnetic wave absorbers made of fine aluminum particles dispersed in a polystyrene medium and evaluated their properties in order to realize metal-backed single-layer electromagnetic wave absorbers with a good absorption property in the GHz region. Both the magnetization and the magnetic loss caused by the eddy current flowing on the surface of the aluminum particles increased proportionally to the volume mixture ratio of the aluminum particles for all samples. The magnetization was almost independent of frequency but the magnetic loss decreased with increasing frequency for all samples. These results were in agreement with qualitative theoretical predictions.
INTRODUCTION
It is necessary that electromagnetic wave absorbers can be produced easily and are lightweight with a low environmental impact. Furthermore, it is also important that the material used can be obtained cheaply and in large quantities, taking the problem of the depletion of resources into consideration. According to Snoek, electromagnetic wave absorbers made of magnetic materials, such as ferrite, exhibit an upper limit of absorbing center frequency [1] . Elements that are in increasingly short supply may also be included in ferrite. Moreover, the mass density of ferrite is large. On the other hand, according to Yamane et al., the magnetic dipole induced from an eddy current flowing on the surface of a metal particle, such as an aluminum particle, contributes to the absorption of an electromagnetic wave [2] . It is expected that there is no practical upper limit of the absorbing frequency, and it is possible to absorb waves with a wide frequency range if an appropriate size of aluminum particle is chosen. Moreover, aluminum is lightweight and comparatively cheap.
Aluminum is a paramagnetic substance, its nondimensional magnetic susceptibility is approximately 2.1 × 10 −5 , and the real part µ r of the complex relative permeability µ * r of aluminum is almost 1. When an electromagnetic wave of high frequency enters an aluminum particle, an eddy current flows whose strength depends on the generated skin effect of the incident magnetic field on the particle surface [2] [3] [4] , and a reverse magnetic moment appears. Then, the energy of the electromagnetic wave is converted into thermal energy by the eddy current, which flows on the surface of the aluminum particles. In a composite material, the real part ε r of the complex relative permittivity ε * r is not dependent on the frequency; however, the values of µ r , which determines the absorption of electromagnetic waves over a frequency range of several GHz, decreases with increasing frequency. Therefore, since the values of µ r smaller than 1 is required for absorption, the conditions under which the magnetic moment appears is an important factor when electromagnetic-wave-absorbent materials are developed. When the proportion of aluminum particles in the material increases, it is speculated that the magnetic moment increases and µ r becomes smaller than 1. However, if aluminum particles are in contact with each other, the total surface current of the particles decreases because the total surface area of the particles decreases. As a result, the loss µ r due to the eddy current will be small. Furthermore, because the conductivity of the electromagnetic-wave-absorbent materials increases upon the aluminum particles coming in contact and the reflection coefficient of the electromagnetic wave increases, it is difficult for the wave to pass through the materials inside. Eventually, the wave cannot be effectively absorbed, because the Joule loss becomes small. Therefore, in this study, electromagnetic-wave-absorbent materials made of aluminum particles coated with polystyrene resin, which is an insulator and ensures that the aluminum particles do not come in contact with each other, were fabricated and their characteristics were evaluated.
EXPERIMENTS
Particles of polystyrene resin with two different grain sizes (approximately 1 and 200 µm diameter) were prepared. First, chips of polystyrene resin were ground by a cutting mill into particles with an average grain size of approximately several hundred µm. Polystyrene particles of 200 µm diameter were obtained by pulverization using a mortar. Polystyrene particles of 1 µm diameter were obtained by milling using a planetary ball mill (Fritsch P7) with a zirconia pot and zirconia balls of 1 mm diameter for 1.5 h with ethanol. The rotation speed of the turntable was 600 rpm. The ratio of the rotation speeds of the milling pot to the turntable was 2:1. Fine polystyrene particles and fine aluminum particles (average grain sizes of approximately 30, 50 and 180 µm) were mixed by the planetary ball mill using a polyacetal pot and nylon-6 balls of 15 mm diameter for 7 min to coat the aluminum particles with the polystyrene particles. The rotation speed was 500 rpm. The mixture was heated to above the melting point of polystyrene and then cooled naturally in the air and processed to a toroidal-core shape (outer diameter of approximately 7 mm, inner diameter of approximately 3 mm and thickness of 3 mm). The sample was loaded into a coaxial line, and the complex scattering matrix elements S * 11 (reflection coefficient) and S * 21 (transmission coefficient) were measured using a vector network analyzer (Agilent Technology 8722ES) by the full-two-port method. The values of µ * r (µ r = µ r − jµ r , j = √ −1) and ε * r (ε * r = ε r − jε r ) were calculated from the data of both S * 11 and S * 21 . The return loss R for various sample thicknesses was calculated from the complex reflection coefficient Γ * using the relation R = 20 log 10 |Γ * |. The surface of the sample was observed using an optical microscope.
EFFECT OF ALUMINUM PARTICLES ON THE COMPLEX PERMEABILITY
The effect of aluminum particles on the complex permeability is qualitatively described in this section. The skin depth δ of a metal for an electromagnetic wave is
Here, ω is the angular frequency of the electromagnetic wave, σ is the conductivity of the metal, µ 0 is the permeability in a vacuum and µ M r is the real part of the complex relative permeability of the metal. The skin depth of aluminum which are from 0.9 µm to 2.6 µm in the frequency region from 1 GHz to 10 GHz is shorter than the diameter (approximately 30, 50 or 180 µm) of the aluminum particles used for experiments. Therefore, the eddy current flows in the region from the surface of the aluminum particles to the skin depth and generates a magnetic field in each aluminum particle. The dimensionless magnetic susceptibility of aluminum is very small (2.1 × 10 −5 ) and µ M r is approximately 1. However, in the high-frequency region, the real part of the complex relative permeability of an aluminum particle is smaller than 1 because the magnetic field inside the aluminum particle is canceled by the magnetic field generated by the eddy current. To simplify the discussion, the shape of an aluminum particle is approximated as a cylinder of radius a and length 2a. As shown in Fig. 1 , a model in which current flows in the outer skin in a metal cylinder shell of thickness δ (equivalent to the skin depth) is used [4] . Here, δ a. In a vacuum, for an incident magnetic field strength of H 0 parallel to the central axis of the cylinder, the eddy current density is defined as J. Although the length of the cylinder is finite, we assume that J is uniform in the cylindrical shell. Thus, a uniform magnetic field H parallel to the cylindrical central axis is generated by J. H is given by Ampere's circuital law as
Therefore, the magnetic field H inside the cylindrical shell is given by
Because no magnetic field exists inside the cylindrical shell due to the skin effect, the following equation is obtained from Equation (3).
Therefore, J is given by
Therefore, the direction of the eddy current is opposite that shown in Fig. 1 . The magnetic moment m generated by J is given by m = 2πa
The direction of m is opposite that of H 0 . If 2a is constant, the particle number N of aluminum particles per unit volume of the composite is given by
Here, V is the volume mixture ratio of the aluminum particles in the composite. If it is assumed that the direction of all magnetic moments is the same and that the eddy current loss is zero, the magnetization M is given by
M is independent of the frequency and the grain size of the aluminum particles according to Equation (8). Also, the following relation holds between the average magnetic flux density B and the magnetization M in the composite when M is proportional to H 0 .
Here µ * r is the complex relative permeability of the composite. µ r is attributed to the eddy current loss. The following equation is obtained from Equations (8) and (9).
The value of 1 − µ r is independent of the frequency, is proportional to V , and 0 < 1 − µ r < 1. The Joule loss P , caused by the eddy current loss, per unit volume of the composite is
Therefore, for small values of V , µ r is given by
The value of µ r increases proportionally to V and is inversely proportional to the square root of the frequency and a. Furthermore, it is expected that the above qualitative results are applicable to spherical aluminum particles.
RESULTS AND DISCUSSION

Dispersion State of Aluminum Particles in the Composite
Figures 2 and 3 show surface optical micrographs of the composite made of aluminum particles (180 µm average grain size) and polystyrene particles of 200 µm diameter and that made of aluminum particles (30 µm average grain size) and polystyrene particles of 1 µm diameter, respectively. As shown in Fig. 2 , the aluminum particles were isolated in the polystyrene medium for the sample with a volume mixture ratio of 16.4 vol% for the aluminum particles. However, the aluminum particles were in contact with each other for that of 40.0 vol%. This result shows that both the aluminum particles and the polystyrene particles were uniformly dispersed when the volume mixture ratio of the aluminum particles was low. This result is also in agreement with percolation theory (the particles are not in contact with each other up to the percolation threshold of 33.3 vol%) [5] . However, as shown in Fig. 3 , the aluminum particles were isolated in the polystyrene medium in the sample with the volume mixture ratio of 40.0 vol%, which exceeded the percolation threshold. This result shows that fine polystyrene particles coated the surface of each particle of the aluminum and melted polystyrene resin enters between the aluminum particles, because the average grain size of the polystyrene particles was much smaller than that of the aluminum particles. Aluminum particles were in contact with each other in the sample with the volume mixture ratio of 50.0 vol% for the aluminum particles. However, if the grain size of the polystyrene particles is much smaller, the aluminum particles may not be in contact with each other. 
Dependences of 1 − µ r and µ r on Frequency and Volume Mixture Ratio of Aluminum
The frequency dependence of 1−µ r for the composite made of aluminum particles of 30 µm diameter and polystyrene particles of 1 µm diameter is shown in Fig. 4 . Although the value of 1−µ r increased slightly with increasing frequency, it roughly agreed with the qualitative prediction of Equation (10). Fig. 5(a) . The values of µ r also roughly agreed with those calculated using Equation (12), as shown in Fig. 5(b) . As the frequency increased, µ r for each volume mixture ratio decreased in inverse proportion to the square root of the frequency, which roughly agreed with the frequency dependence estimated using Equation (12). The values of both 1 − µ r and µ r were saturated and decreased above approximately 40 vol%. As the volume mixture ratio exceeds approximately 40 vol%, it is speculated that clusters of aluminum particles are easily generated and that the aluminum clusters join to form a mesh like structure. For electromagnetic waves with wave lengths from 3 cm to 30 cm, it is possible that these clusters can be considered to be equivalent to spherical shells of aluminum. Therefore, it is speculated that the values of 1 − µ r and µ r decrease above 40 vol%, because the incident electromagnetic wave is reflected by the conductive mesh near the sample surface and the magnetic moments generated by the eddy current of the aluminum particles become small. Figure 6 shows the volume mixture ratio dependences of ε r and ε r for the composites. The values of ε r and ε r increased proportionally to the volume mixture ratio of the aluminum particles up to approximately 40 vol% and rapidly increased above approximately 40 vol%. This rapid increase is caused by the generation of clusters of aluminum particles; the melted polystyrene resin did not sufficiently penetrate between the aluminum particles. When the volume mixture ratio of the aluminum particles increases, the capacitance between the particles increases because the distance between the particles in the composite decreases. Because these capacitance elements are connected in series or parallel in the sample to form a 3-D network, the value of ε r of the sample is inverse proportional to the distance between the aluminum particles. If the particles are partially in contact with each other, the total capacitance rapidly increases. Therefore, it is estimated that the value of ε r rapidly increases when the aluminum particles come in contact with each other. Figure 7 shows the dependences of 1 − µ r and µ r on the size of the aluminum particles for the composites made of aluminum particles and polystyrene particles of 1 µm diameter for the volume mixture ratio of 16.4 vol%. Although the value of 1 − µ r was almost constant and µ r was inversely proportional to the size of the aluminum particles, the values of neither 1 − µ r nor µ r agreed with those calculated using Equations (10) and (12), as shown by solid lines. The disagreement between the measured and calculated values of µ r may be related to the low purity of the aluminum, because the conductivity of aluminum is dependent on its purity. 
Frequency Dependence of the Return Loss
The frequency dependence of the return loss was evaluated for all samples with the electromagnetic wave vertically incident to a metal-backed single-layer electromagnetic wave absorber. Fig. 8 shows the frequency dependence of the return loss for the composites made of aluminum particles of 30 µm diameter and polystyrene particles of 1 µm diameter for a volume mixture ratio of 40.0 vol%. The absorbing center frequency shifted to the high-frequency side as the thickness of the sample decreased. In comparison with composite electromagnetic wave absorbers made of ferrite particles dispersed in rubber, in the measuring frequency range, the absorption of −20 dB (99% of the electromagnetic wave power was converted into thermal energy) or less could be achieved using present composite. The thicknesses of the composite for which the absorption was largest were approximately 6.9 and 19.2 mm and the absorbing center frequencies at which the absorption was largest were 4.0 and 1.2 GHz, respectively. The possibility of obtaining the absorption of −20 dB or less in the frequency range above 10 GHz was indicated, because the absorption center frequency shifted to the high-frequency side without adversely affecting the absorption characteristic as the thickness of the sample decreased. If the dispersion method is revised so that the aluminum particles cannot come in contact with each other, the absorption of −20 dB or less might be achieved above 10 GHz for a thickness of 6.9 mm or less. Although the electromagnetic absorber developed in this study is expected to be applicable to frequencies above 10 GHz, this cannot yet be confirmed for the following reasons. Processing the sample and loading it into the coaxial line are difficult for a coaxial line with outer diameter 7 mm and it is difficult to obtain high accuracy for the measurements of µ * r and ε * r above 10 GHz due to the generation of the higher modes other than the fundamental wave TEM (transverse electromagnetic) mode of the electromagnetic wave due to the distortion from the ideal toroidal-core shape and defects in the sample. In the future, the absorption property at frequencies above 10 GHz will be evaluated using a rectangular waveguide.
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CONCLUSIONS
The complex relative permittivity did not increase rapidly, even when the volume mixture ratio of aluminum particles exceeded the percolation threshold, because fine polystyrene particles coated the surface of each aluminum particle and the aluminum particles were isolated in the polystyrene resin medium. The values of both 1 − µ r and µ r increased proportionally to the volume mixture ratio of the aluminum particles, the value of 1 − µ r was almost independent of frequency, and the value of µ r was inversely proportional to the size of the aluminum particles. Therefore, it was confirmed that the measured values of 1 − µ r and µ r roughly agreed with the qualitative theoretical prediction. Over 99% of electromagnetic wave power was absorbed below 10 GHz. Furthermore, the possibility of obtaining a good absorption characteristic in the frequency range above 10 GHz was indicated, because the absorption center frequency shifted to the high-frequency side without adversely affecting the absorption characteristic as the thickness of the sample decreased.
